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ABSTRACT
It has been repeatedly suggested that chemical sensiti
zation by sulfur compounds depends not only on the formation
of silver sulfide, but on its rearrangement on the grain
surface to form sensitivity centers. The most direct evidence
for this is that there is no sensitization on addition of
soluble sulfide to the emulsion which forms silver sulfide,
but, on heating the emulsion with the sulfide for a longer
time and a higher temperature than those used for thiosulfate
sensitization, equivalent sensitization can be obtained.
Stabilizers such as 6-methyl-4-hydroxy-l,3,3a,7-tetraazaindene
(TAI) , which stop photographic sensitization, do not stop the
chemical reaction of silver sulfide formation. It has now been
demonstrated that when TAI is added to the emulsion after
formation of silver sulfide from a soluble sulfide, it prevents
XI
the sensitization on heating, and hence must stop rearrangement,
l-phenyl-5-mercaptotetrazole retards sensitization when added
after the sulfide is formed, but appears to act mainly as an
antifoggant during development. Increasing the pAg also re
tarded the rate of sensitization but did not stop rearrangement,
1X1
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INTRODUCTION
I. Silver Sulfide
The mechanism of sulfur sensitization is related to the
production of silver sulfide in the emulsion, regardless of
the sulfur sensitizer employed. The sensitizing species has
been shown to be silver sulfide.4*
612,13
Silver sulfide
can form as a result of the breakdown of an intermediate
silver ion - sulfur sensitizer complex; decomposition results
in silver sulfide and by-products.6*9 A minor fraction of
the silver sulfide might be formed in the gelatine phase,
but for increased photographic sensitivity, formation must
take place on the silver halide grain. This was shown by
adding finely divided silver sulfide directly to the emulsion;
no increase in sensitivity was obtained, but high fog
resulted.
Although it is agreed that silver sulfide is necessary,
the amount of silver sulfide present cannot be directly
2 6
related to a specific increase in photographic sensitivity,
*
or to a specific level of extended spectral sensitivity.
4
Also, optimum sensitivity obtained from such low concentra
tions of sensitizer implies that the silver sulfide can cover
only a minor portion of the silver halide grain surface^.!!;
a rough estimate has been a concentration of 50-100 atoms of
sulfur per crystal.14
Although it has been shown by use of the arrested devel
opment technique that increasing concentrations of sulfur
sensitizer produce increased numbers of latent image centers
27
per grain, it is not known exactly how many sensitivity
specks per grain are needed for the best sensitization.
While it appears that one speck per grain .should provide the
desired electron trapping site, Moisar states that it is very
probable that a small number of sensitivity specks, and not a
single speck, is required for optimum sensitization because
this results in less recombination.6 If this unknown number
of specks is greatly exceeded, a decrease in sensitivity is
observed due to competition among the sensitivity
centers.6
There seems to be no relation between the amount of
silver sulfide formed in a given emulsion ripened to its
optimum, and the overall increase in sensitivity.
*
Optimum
sensitivity will not be automatically attained when a certain
quantity of silver sulfide has formed. Moisar has observed
that at optimum sensitization, roughly 10% to 50% of the thio
sulfate added has broken down, depending on ripening condi
tions.6 With allylthiourea, enough compound must be present
to cover 1/4 of the grain surface, but only about 8% of the
total will have broken down into silver sulfide at the
optimum.12
Keeping in mind the concept that silver sulfide amounts
produced and photographic sensitivity are not directly related,
and the rates of formation of silver sulfide have nevertheless
been extensively studied to establish a relationship between
them. For a given level of sensitization, the amount of silver
sulfide formed will depend, in part, on the sensitizer concen
tration used in the emulsion.
3
At the optimum speed, the
amount of silver sulfide formed increases with sensitizer con
centration, while the after-ripening time required to attain
the optimum sensitivity decreases, yet the total amount of silver
sulfide produced is not the same for each optimum
sensitization.11
As concentration of sensitizer increases, the percent breakdown
required for optimum sensitivity decreases, while the total
amount of silver sulfide present at optimum speeds increases. 3
Generally, the amount of silver sulfide formed in a given
time increases with increasing concentration of sensitizer,
3
and the rate of silver sulfide production depends on the
nature of the sensitizer and the position of its
adsorption.5
Thus, with some sensitizers such as thiosulfate, reaction
might begin sooner than with others, since its adsorption to
the grain surface begins immediately after its addition to
the emulsion.
7,21,2
The decomposition rate follows first
order kinetics; the breakdown rate is linearly related to con
centration when pH, pAg and temperature are held
constant.11
The rate is pAg dependent, and increases with silver ion con
centration. The rate of thiosulfate breakdown increases
slightly with higher pH
values.11
The same trends are seen
with
allylthiourea.12
The digestion time needed for optimum
sensitivity decreases with decreasing gelatin
content.5*12
In general, any factor which increases the rate of decomposi
tion causes an increase in the amount of silver sulfide
formed on the grain. While silver sulfide formation in a
sulfur sensitized emulsion follows first order kinetics, the
growth of photographic sensitivity does not follow the same
kinetic
laws.5
In their investigation of the activation energy of sulfur
sensitization, Ridgeway and Hillson found that the activation
energies for four different sensitizers, including soluble
sulfide, were
similar.15
This implies that the sensitizing
reaction is a common process, independent of the sulfur sensi
tizing species.
The above aspects of sulfur sensitization are agreed upon
but other contradictory observations and conclusions have been
reported. For example, in answering the question of how much
silver sulfide can be produced before fogging, Sutherns and
Loening have reported that only a fraction of the absorbed
allylthiourea converts into silver sulfide at optimum sensi
tization, and if the rest is forced to break down by holding
for extended time periods at a given temperature, fog will be
produced.12
Dickinson has noted that the relationship between
the amounts of silver sulfide, sensitizer, and fog is not
constant, for large amounts of silver sulfide can be produced
during sulfur sensitization without
fog.13
Bassett and
Dickinson state that fog centers can consist of silver sulfide
and silver.10
The formation of silver sulfide from the reaction of
allylthiocarbamide with silver bromide was classified as
autocatalytic by Carroll and Hubbard, based on the observa
tion that at high sensitizer concentration an induction period
for the reaction was observed, which was absent if silver
Q
sulfide was already present. Cash has attributed a similar
induction period to the structure of the adsorbed gelatin as
the induction period varied with sample preparation, and
states the process is not autocatalytic at normal sensitizing
levels.4 Catalytic activity has been suggested because the
reaction of allylthiourea occurs faster on a silver bromide
surface which has some deposited sulfide.9 An autocatalytic
reaction between thiourea and silver bromide was proposed
because sulfur sensitization continued at pH 6.0 after a pre-
treatment at pH 8.0. The pretreatment caused a substantial
amount of thiourea to form silver
sulfide.10
In order to explain the autocatalytic activity, Balls
and Harvey have proposed the cluster mechanism of silver sul
fide formation. According to them, thiosulfate is more
strongly adsorbed to silver sulfide than to silver halide, so
that additional thiosulfate, and consequently silver sulfide
would appear to cluster around the originally formed silver
sulfide deposit rather than decomposing at another site on
the
grain.3
Cash's data points to the
contrary.4*22
The rate of thiosulfate breakdown has been reported by
Spracklen11
to be independent of grain size but definitely
dependent on it as found by Balls and
Harvey.3 The silver
halide grain habit showed a profound effect on the rate of
silver sulfide formation. The rate was first order on (111)
faces, and first order on (100) faces after being initially
autocatalytic.6
Different rates of deposition at different
crystal locations can be related to silver sulfide dispersity
where octahedra crystals with (111) faces experience unre
strained growth of highly disperse silver sulfide, causing an
extreme speed loss. Cubic crystals with (100) faces showed
lower growth rates giving less dispersity which causes speed
gain.6*2^
Birch, Farnell and Flint showed that on cubo-
octahedra grains, sulfur sensitization caused an increase in
the number of latent image specks and also caused a shift in
the preferred sites of latent image to the octahedral faces.
This is explained by the authors as silver sulfide being
formed on the octahedral faces which acts initially as a
halogen acceptor and finally, as electron traps which compete
with the cubic faces.
Unquestionably, concentration of sensitizer plays an
important role. Complexes of different composition might be
formed prior to the formation of the sensitizing species
depending on the relative concentrations of silver ion and
sulfur sensitizer in solution.** Microcalorimeter studies with
solid silver bromide and thiosulfate adsorbate revealed heat
evolution with small thiosulfate concentrations, but heat
absorption for larger thiosulfate concentrations were attri
buted to thiosulfoargentate complex desorption.22
A number of theories have been proposed to explain the
mechanism of sulfur sensitization. Harvey suggests that the
adsorbed but undecomposed thiosulfate could play a role in
directing the distribution of silver
sulfide.18
Then, Balls
and Harvey have proposed that while the sulfur sensitizer
breakdown will produce silver sulfide, a fraction of this
compound might be formed in crystal locations where no in
creased photographic sensitivity will be observed.
3 Since
silver sulfide formation in an emulsion is not the only
condi-
Q
tion necessary for increased sensitivity, it has been sug
gested that the sensitivity observed was due to sensitizer
being adsorbed to active spots on the crystal,
i2
a concept
carried a step further by Balls and Harvey. They explain that
initially breakdown took place preferentially at crystal de
fects, and as excessive sensitizer amounts were added, some
decomposition would take place on crystal planes, at a rate
faster than on crystal defects. 3 Spracklen suggested that in
a photographic emulsion, silver sulfide can exist in two dif
ferent conditions. One of these conditions has no effect on
sensitivity. Since only total amounts of silver sulfide
formed can be measured, it is impossible to relate the amount
of
"active"
silver sulfide to photographic sensitivity.
The initial concept that the sulfide formed existed in
aggregates9
caused Mitchell to suggest that initially silver
8
sulfide is formed as monolayer islands, where the two dimen
sional lattice of silver sulfide resembles the structural
dimension of the silver halide beneath, rather than being
representative of any typical silver sulfide structure such
as argentite (three dimensional).28 Increased stability as
a result of epitaxy has been suggested by Mitchell and later
by Moisar.
Farnell, Flint and Birch, using election microscopy, dis
covered particulate material after fixation (analyzed as Ag2S)
in an amount proportional to the sensitizer concentration. 32
Although this was direct evidence for aggregate formation,
they are aware that the "possibility exists that the particles
are a consequence of aggregation of material that initially
was spread more widely over the grain surface, this aggrega
tion occurring on removal of the silver halide".
The idea of a two-stage process in which silver sulfide
is first formed in a two-dimensional layer, followed by a
structural change to a three-dimensional aggregate has been
proposed.13
The originally deposited, highly disperse silver
sulfide redistributes during ripening into centers that promote
a high
sensitivity.24
This explanation was used by Stevens to
interpret his results in which the addition of a soluble sul
fide produced a slight immediate increase in contrast and
speed, but subsequent heating caused a far greater increase in
speed.24 Spracklen observed that as the rate of silver sulfide
formation decreased, its efficiency as a sensitizer increased. He
postulated that silver sulfide could easily be present in
two different states, where silver sulfide in its first form
would not chemically sensitize. This form would change
gradually (rather than simultaneously) into the second form
via modification of the bonding between the adsorbed silver
sulfide and the silver halide
grain.11
Cash incorporated these diverse theories into a concept
in which the sensitivity speck is formed by means of a
two-
step reaction. First, the adsorbed sulfide is formed on the
silver halide grains, at positions in which the sensitizer
was originally adsorbed. Second, rearrangement or migration
of the sulfide into specks occurs, taking the form of epitaxial
specks or silver sulfide crystallites, where the second step
is subsequent to the first. Therefore, the rate of speck
growth depends on the rate of silver sulfide formation and
the rate of rearrangement. Silver sulfide formation is a first
order reaction and it has been shown by kinetic analysis that
the increase in photographic sensitivity is definitely not
first order.
II. Stabilizers and Silver Sulfide
The addition of stabilizer to an emulsion after optimum
chemical sensitization does not cause a decrease in
sensitivity,25
and is employed widely in film manufacturing. The introduction
of stabilizer prior to, or simultaneously with the addition of
sulfur sensitizer eliminates the photographic
response.18*16
Such drastic results cannot be attributed to stabilizer
10
inhibition of silver sulfide formation, for it is possible to
increase the rate of silver sulfide formation while completely
suppressing the expected rise in photographic sensitivity by
regulating stabilizer concentration.16 The rate of formation
of silver sulfide, may be controlled via the concentration of
stabilizer added so that the rate of silver sulfide production
will be catalyzed, inhibited, or remain
unaffected.16
Some stabilizers exhibit some behavioral differences as a




For example, Birr, et al, have found
that unsubstituted azaindene is desorbed by the developer solu
tion, while a nitro-substituted azaindene is not desorbed
1 7
completely and therefore hinders development. Chambers has
also noted similar effects33 and both experimenters have related
the adsorption, and thus development effects, to the solubility
product of the silver salts.
Decreases in the rate of silver sulfide production can
sometimes be attributed to slight desorption of the sulfur
sensitizer by the stabilizer
molecule.18
Higher levels of
thiosulfate will desorb from the surface of silver bromide
sols with increasing levels of
7-hydroxy-5-methyl-s-triazol-
(l,5a)-pyrimidine* and the rate of conversion to silver sulfide
decreased.19 With benzotriazole, only 20% of the thiosulfate
18
adsorbed to the grains became desorbed. Frieser has found
that bromide will displace
thiosulfate.34
Displacement of thio










The chemical reaction between the stabilizer molecule
and silver ion, as well as stabilizer adsorption characteris
tics have been used tentatively to explain the amount of silver
sulfide on the grain,16 but not the photographic effect since
this effect does not correspond to the silver sulfide adsorbed
to the
grain.19
For cases in which free energies of adsorption
of the sulfur sensitizer and the stabilizer on silver halide
are practically the same, initial concentrations of each com
pound present play a major role in determining their respective
19
amounts adsorbed.
The adsorption to silver sulfide, metallic silver and
silver halide shows dependence on variables such as pH, pAg
and gel concentrations. Azaindene, for example, becomes
selectively adsorbed on silver sulfide as compared to metallic
silver, when the pH is increased to 7.0, while at a pH of 5 it
adsorbs equally and
non-selectively.17 Certain azaindenes




mercaptotetrazole, is known to react strongly with silver and
is a development restrainer.
Cash's general explanation is that the presence of
stabilizer affects silver sulfide speck growth by retarding
rearrangement.5
The two specific explanations for the fact
that stabilizers added prior to sulfur sensitization interfere
with photographic activity have been suggested by
Harvey.18
First, stabilizers might become adsorbed preferentially at
12
particular locations on the crystal, thus forcing silver
sulfide to form elsewhere, in locations where it does not act
as an equally effective sensitivity speck. The second sugges
tion is that stabilizers can destroy the favorable distribu
tion (Cluster Mechanism) of silver sulfide.
Berendsen and Faelens expand on the mechanisms proposed
by Harvey to include higher dispersity of the silver sulfide
in the presence of stabilizers.19 In this. case, a loss in
sensitivity results from competition for electrons. Also,
they suggest that another explanation might be a decrease in
the amount of reduction sensitization in conjunction with
sulfide formation.19
Birr suggests that, although an increase in silver sulfide
is obtained in the presence of 5-methyl-7-hydroxy-l,3,5-tri-
azaindolizine (concentrated in the gelatin phase), the silver
sulfide is inert because it is formed in the gelatin phase and
therefore is not adsorbed to the grain. The active silver
17
sulfide is formed on the surface of the grain. Also, he
proposes that the adsorbed stabilizer will cover the active
centers, thus render harmless any catalytic centers for further
ripening.
Sodium sulfide was used as the sensitizer because of the
unique characteristics of this compound. Its reaction is
immediate and the complexation stage in the formation of silver
sulfide is eliminated. The use of the soluble sulfide allowed
the study of the effect of stabilizers after the silver sulfide
13
had been formed and should affect only the rearrangement
process.
It might be possible by means of adding stabilizers before
sulfur sensitization and at different times after it, to answer
whether rearrangement is only temporarily delayed or inhibited
by the stabilizers. If rearrangement is inhibited by the
presence of stabilizer, addition at longer and longer times
following the introduction of the sulfur sensitizer should
give higher and higher speed values. The speed values should
correspond to the time of stabilizer addition. No further
speed increases should occur with increased ripening time.
Stabilization can then be defined as the prevention of rear
rangement. This stabilizer effect was investigated using
4-hydroxy-6-methyl-l,3,3a,7-tetraazaindene (TAI), l-phenyl-5-
mercaptotetrazole (PMT) and high pAg on sodium sulfide sensi
tized emulsion.
Three emulsions were used in the study because it was
recognized that more than one emulsion should be employed when
deriving general conclusions regarding stabilizer effects on
sulfur sensitization. There were wide differences in the
sensitization of the three types of emulsions, which were a
polydisperse silver iodobromide, an octahedral silver bromide
and a cubic silver iodobromide. The polydisperse emulsion




Three emulsions were used in this study:
1. Single jet, silver iodobromide emulsion containing
3% iodide. The emulsion was precipitated for 40'
at 65C and was a typical medium speed polydisperse
emulsion. The emulsion pH and pAg were 6.0 and
8.15, respectively (GM131) . A 2Q,000x enlargement
of the emulsion grains is shown in Figure 1.
2. Cubic iodobromide emulsion containing 2.5% iodide.
The mean grain size was 0.4 u.m. The final pH and
pAg of the emulsion were 6.0 and 8.2, respectively
(RW2131). See Figure 2.
3. Octahedral emulsion which was 100% AgBr. The mean
grain size was 0.55 p,m. The final pH was 6.0 and
the final pAg was 8.2 (GM194). See Figure 3.
I I . Procedure
After preliminary testing, which will be discussed
later, the following experimental scheme was adopted.
Chemical sensitization was done by melting the emulsion at
40C, adding the sensitizer and then raising the temperature
at a controlled rate (five degrees every three minutes) up to
the finishing temperature. The words finish and finishing
will be synonymous with the after-ripening of an emulsion,
and will be used throughout this report. The after-ripening
is the chemical sensitization step in which a heat treatment
is applied to the emulsion after the addition of chemical
15
sensitizer. All sensitizations were done at a gel level of
40 grams per silver mole.
After the sample has been held for the proper finishing
time, the emulsion was rapidly chilled to 5C to quench the
sensitization reaction. Additional gel and a wetting agent
were added for coating ease. The emulsion was coated on a
clear acetate support at 13.45 mgs Ag/dm2 and 53.8 mgs gelatin/
dm2. No other addenda was included in the. coating.
The emulsion coatings were exposed for 1/100 second on a
Type IB sensitometer with a 500 W 3000K lamp. A 0 - 6 density
step tablet was used to attenuate the light reaching the film.
The coatings were processed for four minutes in KODAK developer
D19, fixed, washed and dried. In some cases, the development
time was extended beyond four minutes to study development
inhibition.
The densities of the steps were plotted versus relative
log exposure and speed comparisons were made by determining
the log exposure difference between the unsensitized and the
chemically sensitized emulsion. Speeds were determined at
0.1 density above fog. The speeds reported are not absolute
speeds, but represent the speed increase due to sulfur sensi
tization beyond the unsensitized control and will be reported
as such in the remainder of this report.
III. Properties of Na2S
Sodium sulfide sensitizations were done with the nonahy-
drate of Na2S as the reagent (Matheson, Coleman and Bell -
Lot 9G07A) . The solution of Na2S is extremely pH sensitive:
16
in even slightly acid media H2S gas is readily liberated, and
a portion of it reacts with the sodium sulfide in solution to
form acid salts.12 In basic media Sn and thiosulfate ion have
been found. In the presence of sulfur in solution,
polysul-
fides such as the disulfide and tetrasulfide have also been
found.13
Sodium sulfide solutions are extremely susceptible to air
oxidation and varying portions of sulfide become converted to
sulfite, sulfate, thiosulfate, and even
tetrathionale.13
Since
the chemical sensitization effect produced by thiosulfate would
be undistinguishable from that of sulfide, a fresh solution of
sodium sulfide was made immediately prior to use with boiled
distilled water free from dissolved oxygen.
The stabilizers used were 4-hydroxy-6-methyl-l,3,3a,7-
tetraazaindene (TAI) at a level of one gram per silver mole
and l-phenyl-5-mercaptotetrazole (PMT) at levels of 6.76 mgs
and 25 mgs per silver mole.
RESULTS
I. Sodium Sulfide Sensitization of Single Run Emulsion
A. Method of addition and replication
A sodium thiosulfate (pentahydrate) sensitization of the
single run emulsion (SR), which was a control sensitization
to determine optimum speed of this emulsion, showed a 2.32
log E speed gain beyond the unsensitized control (Figure 4) .
In this case, the emulsion was heated to 55C and then the
17
sensitizer was added at levels of 10 mgs and 20 mgs per silver
mole (4.34 x 10"5 moles and 8.69 x 10~5 moles per silver mole,
respectively) . The optimum speed was reached after 40 minutes
with 10 mgs/mole or after 20 minutes with 20 mgs/mole.
The primitive emulsion, when exposed and processed, did
show some sensitivity and fortunately under the conditions
used, the speed point came out to be at the origin when plotting
density versus log exposure. Since the or.igin of the D-log E
was taken to represent 0 log E, minimal corrections had to be
made when determining the relative log E speed increase after
sulfur sensitization.
The next experiments were aimed at obtaining optimum and
reproducible results with sodium sulfide as the sensitizer.
Sodium sulfide was added to the emulsion at 30C and heated to
55C at levels of 10, 20 and 30 mgs/mole Ag. Under these condi
tions, no sensitization occurred and all the coatings were
similar to the unsensitized control. The level of sodium sulfide
was increased to 40, 50 and 60 mgs/mole. The temperature was
raised to 55C and samples were pulled at intervals up to 40
minutes. The highest level (60 mgs Na2S*9H20/silver mole) at
the longest finish time (40', 55) gave visually a 0.40 log E
speed increase versus the unsensitized emulsion. The emulsion
was definitely underfinished with these conditions assuming that
the same speed as with thiosulfate could be obtained.
The next attempt at finding the optimum conditions in
volved the following levels and temperatures:
1. 120 mgs Na2S-9H20/Ag mole at 55C
18
2. 60 mgs Na2S*9H20/Ag mole at 65C
3. 60 mgs Na2S9H20/Ag mole at 75C
As before, the sensitizer was added to the emulsion at 30C
and the temperature was raised at a controlled rate up to the
finishing temperatures. Samples were pulled at intervals up
to 40 minutes.
A speed/fog plot of the values obtained after
4'
D19
development of the coatings for three finishing conditions is
shown in Figure 5. With the 120 mgs level, the speed did not
change to a large extent and the fog was increasing. At 75C
with 60 mgs/mole, the fog values were above 0.7 and it was
obvious that the emulsion was overf inished.
At 65C with 60 mgs/mole, the speed was increasing while
the fog remained constant, but the time of the finish was too
short to determine an optimum condition.
The time of finish was extended to 100 minutes at 65C
after levels of 60 mgs and 75 mgs Na2S*9H20 had been added to
the emulsion at 30C. The speed/fog plot for the extended
time of finish is shown in Figure 6. Speeds were fairly well
duplicated, but the fog levels were double those seen in the
previous tests (Figure 5) .
Two obvious conditions could account for the high fog.
First, the bottle of Na2S*9H20 appeared to be contaminated as
black liquid
"junk"
could be poured from the bottle. The
sample taken for the breakdowns was from the center of a large
crystal, hopefully free from contamination. For further
19
experiments, an uncontaminated bottle of Na2S*9H20 was
obtained. Second, the sample of Na2S*9H20 was diluted to
1.0 mg per cc of boiled distilled water and was added rapidly
with a syringe. This could give localized concentration
differences.
The experiment was repeated using the new batch of
Na2S*9H20 and extending the time of finish to 120 minutes.
A 10 cc pipette was used for the addition,, but the solution
was blown in from the pipette. The speed/fog values are
plotted in Figure 7. The fogs were lower and the optimum
speeds were higher than seen in Figure 6. Localized concen
tration effects were still suspected since the solution was
blown in with the pipette rather than dripped into the emulsion.
The optimum speed for the sodium sulfide sensitization was
1.98 log E relative to the unsensitized control. The fog at




Even though the optimum conditions for sodium sulfide
sensitization were not fully established, it appeared as if
the temperature of the finish would be 65C.
To determine the best method of addition, an experiment
was run in which the sodium sulfide solution, made up to 1 mg/
cc with boiled distilled water, was added to the emulsion at a
level of 75 mgs/Ag mole at 40C by: (1) dripping from a 10 cc
pipette and (2) forcing the solution in with a syringe. Another
part of the experiment was to dilute the sodium sulfide solution
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fourfold and then drip in four times the amount of solution
as in (1).
The speed/fog plots for the experiment are shown in
Figure 8, in which the values for speed and fog are plotted
against the time which the emulsion had been held at 65C.
The highest speed with the least fog was obtained when the
1 mg per cc solution was dripped in with the pipette. The
syringe addition gave slightly less speed .(-0.10 log E) and
higher fog (+0.05). When the sodium sulfide solution was
diluted, the fog doubled and the speed decreased by 0.20 log E
compared to the undiluted sample.
The sodium sulfide sample was diluted by adding distilled
water to the 1 mg/cc of boiled distilled water solution. The
experiment was repeated, using boiled distilled water for
dilution, along with the undiluted solution dripped in from a
10 cc pipette as a control.
Dilution of the sodium sulfide solution did give higher
fog as seen in the speed/fog plot in Figure 9. The fog was
slightly lower than that in Figure 8 and the speed was slightly
higher, but the trend is towards higher fog with a diluted
sample.
The reason for the increase in the amount of fog with
dilution of the sodium sulfide sample remains unknown. It is
possible that decomposition of the sample to form a fogging
agent (or some species which, when thermally activated, becomes
a fogging agent) takes place more easily in a diluted sample.
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The rapid addition of solution with the syringe probably
produced localized concentration effects increasing the non
uniform distribution of sulfide on the grain surface.
Replication of the finish with pipette addition of the
one mg/cc solution was possible under these controlled
conditions. The relative speeds compared to the unsensitized
emulsion were 2.02 for the original finish and 1.94 for the
replication. The fogs were similar. Therefore, the optimum
sensitization with this emulsion was 75 mgs of Na2S9H20 per
silver mole (3.13 x 10~4 moles/mole Ag) added from a 1 mg
Na2S9H20/cc boiled distilled water solution and held for 80
minutes at 65C. The emulsion was at
40
during sensitizer
addition and the temperature raised 5 degrees every 3 minutes
to 65C. The solution was dripped into the well-mixed emul
sion with a 10 cc pipette to prevent non-uniform adsorption
effects. (See appendix for characteristic curves of sulfide
and thiosulfate sensitizations.)
A probable explanation for different finishing conditions
between the sodium thiosulfate sensitization and the sodium
sulfide sensitization is that the sodium sulfide is more ran
domly located on the grain and requires more rearrangement
than the thiosulfate, which may have adsorbed mostly near
crystal defects, which may be deemed as active sites.
At this point in the experimentation, it was necessary to
remake the single jet emulsion. An exact repeat of the emul
sion was made (GM166) and a finish was done with 20 mgs of
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Na2S203*5H20 added to the emulsion at 40C. The previous
control finish on GM131 was done by adding the sensitizer after
the emulsion had been heated up to 55C. For this reason,
GM166 appeared to finish faster than GM131. This is shown in
Figure 10. GM131 emulsion was used in previous experiments to
determine the optimum sensitization method with sodium sulfide
and no experiments were run to date which would alter the out
come of the paper if the emulsion had not been reproducible.
Therefore, for all practical purposes, GM166 is a repeat of
GM131.
Later on in the experimentation, it was necessary to re
make the emulsion for a third time. The new emulsion was
labeled GM193 and the speed/fog plot for a sodium thiosulfate
finish is also shown in Figure 10. Under similar experimental
conditions, this emulsion finished slower (optimum at
30'
55)
and did not reach the speed that was obtained with the GM166
emulsion. The speed of the GM193 emulsion was approximately
0.6 log E slower which may possibly indicate the presence of
a high number of internal defects, but was still useful in
the experimentation. Internal defects will compete effectively
with sulfur sensitization of the surface giving less surface
speed.
A sodium sulfide sensitization and a replication (run one
week later) were done on the new emulsion (GM166) using the
standard conditions for the sensitization. Correlation was
reasonable as seen in Figure 11, although the replication gave
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slightly lower speed (0.10 log E) with a fog which was identical
to the original sodium sulfide sensitization. The sodium sulfide
sensitization was used as a control sensitization throughout the
remaining experimentation. After it had been repeated twelve
times, the average speed was 2.00 with a standard deviation of
0.06 and the average fog was 0.20 with a standard deviation of 0.04
As sulfur sensitization occurs at the surface of an emulsion,
the probability that the conduction band electrons will be trapped
at the surface increases. This sets up a competition between the
surface and internal trapping sites, and as the surface speed
increases, the internal speed decreases. The internal speed was
obtained with the GM193 emulsion after sodium sulfide sensitiza
tion by developing in D19 plus 0.5 g KI per liter after the
coating had been subjected to a 5 minute potassium ferricyanide
bleach to remove surface latent image. The unfinished emulsion
gave a surface speed of 0.38 and an internal speed of 1.46.
Sodium sulfide sensitization gave a surface speed of 1.42 after
correction for the speed of the unsensitized emulsion, and an
internal speed of 1.36 without an adjustment in speed due to the
inherent speed of the emulsion. This indicated that the internal
speed decreased by 0.10 log E with sulfide sensitization. The
same development conditions were tried with the GM193 emulsion
sensitized with thiosulfate. The corrected surface speed was
1.65 and the internal speed (uncorrected) was 1.08. The internal
speed decreased by 0.36 log E. Therefore, sulfur sensitization
with sodium sulfide was typical as far as obtaining surface speed,
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at the expense of internal speed, but the effect with
thiosulfate
was larger than with sulfide as the sensitizer. Additional experi
ments to replicate and explain this effect were not undertaken.
Moisar has used reflectance spectra to determine the amount
of silver sulfide formed on the
grain6
and this technique was
applied to the coatings sensitized with sodium sulfide to deter
mine if differences could be seen before or after finishing. With
the assistance of Milton Pearson (Rochester Institute of Technology),
the total reflectance with white backing was determined on the
Beckman IIB Spectrophotometer using the following coatings:
Coating No. 47 GM193 emulsion
48 GM193 emulsion + 75 mgs Na2S at 40C
49 GM193 + 75 mgs Na2S for
20'
at 65C
59 GM193 + 20 mgs Na2S203 for
20'
at 55C
With coating number 47 as the reference, a broad decrease in
the visible spectrum was seen around 480 nm for coatings number
48 and 49. A slight decrease in reflectance was seen with
coating number 59 but it was very broad. The reflectance curves
are included in the appendix for reference. The curves imply
that silver sulfide was formed immediately upon addition of the
sodium sulfide and heating the emulsion did not change this
amount, but the noise in the curves prevented an absolute
conclusion. The only positive conclusion was that Ag2S was
detected on the emulsion.
B. Gel sensitization
The emulsions were prepared in inert gel and sensitization
should occur only from the sodium sulfide which had been added.
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To check for R-typing or gel sensitization, the emulsion
temperature was raised to 65C without sensitizer addition
and samples were pulled at times corresponding to the control
sensitization. The Dmax and Dmin values for the
1/100"
ex
posure through a 0 - 6.0 density step tablet are shown in
Table 1 for the GM131 emulsion; Table 2 for the GM166 emulsion.
Holding GM131 for 120 minutes at
65
gave only a 0.03 increase
in Dmax with no change in Dmin. The Dmax change for GM166 was
only a 0.06 density increase with no change in Dmin. It appears
that a very small amount of sensitization was occurring during
the holding at 65C, but, unless there is a synergistic reaction
in the presence of sulfur sensitizer, this minor density increase
should not affect the results with sulfur sensitization. Sulfur
sensitization was due to the presence of the sensitizer and not
due to sensitization by heat or by the presence of gel.
C. Sensitization at 40C
The procedure for sodium sulfide sensitization was to add
the sensitizer to a large batch of emulsion at 40C. After
stirring for five minutes, the large batch was split into smaller
samples for the heat treatment. The time required for splitting
the large batch never exceeded thirty minutes, but it was
important to know if sensitization occurred at 40C. To test
this, sodium sulfide was added to the emulsion (GM131) at 40C
and a sample was chilled after five minutes and after forty
minutes. Very small density changes occurred at 40C in the
presence of sodium sulfide within the forty minute time period
(Dmax +0.03, Dmin +0.01). Therefore, no sulfide sensitization
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occurred within the thirty minute split time before the
temperature increase.
The same test was run with the GM193 emulsion, which as
mentioned previously was not an exact repeat of GM131 and
GM166 emulsion. In this case, the five minute hold showed a
speed gain of 0.56 log E. A
40'
sample was not taken with the
GM193 emulsion. This speed gain was the same if the exposure
was changed from 1/100" to a 1" exposure. ,
D. Ag2S sensitization
A sensitization with colloidal silver sulfide on GM193
emulsion at levels of 7.5, 75 and 150 mgs per silver mole
produced the results shown in Table 3. (See appendix for silver
sulfide preparation.) Silver sulfide did show sensitization
although, at the levels used, it was not as efficient as sodium
thiosulfate or sodium sulfide.
Although the experiment was run with GM193 emulsion and a
control was not run in which the emulsion was heated at the
same time and temperature without Ag2S, the speed increases
were related to the amount of silver sulfide which was added.
Without the control, the absolute amount of speed increase could
not be determined, but it could be stated that silver sulfide
did impart some sensitization. It was significant that heating
was required to impart additional sensitivity and assuming that
some silver sulfide did adsorb onto the emulsion grains, it can
be inferred that photographic activity was due to rearrangement
of the sulfide speck, rather than just due to adsorption of Ag2S
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on the grain. From the experiment, it was felt that it was
not necessary to have the chemical reaction of Ag2S formation
occur on the grain.
II. Sensitization of Cubic Emulsion
The cubic emulsion, as described in the experimental
section, was a monodisperse emulsion containing 2.5% iodide
with a mean grain size of 0.4 u.m. A sodium thiosulfate finish
was attempted using the experimental conditions established
for the single jet emulsion. The Na2S2035H20 levels were at
5 and 10 mgs per silver mole and the finish temperature was
65. Under these conditions, the higher level (10 mgs/mole)
for 50 minutes at 65C gave only a 0.29 log E speed increase.
See Figure 12.
The level of sodium thiosulfate was increased to 20 mgs,
50 mgs, and 75 mgs per mole. Under the same conditions, except
exposing the coatings for 1/50", gave the results shown in
Figure 13. Gross desensitization was seen with 75 mgs of
Na2S2035H20/mole after 20 minutes at 65C. Slight desensiti
zation appeared with 50 rags Na2S203*5H20 per mole (8.69 x 10~5
moles/mole Ag) , the optimum appeared to have a broad plateau
as desensitization appeared only at the 50 minute time. The
optimum with this emulsion was therefore with 20 mgs
Na2S203*
5H20 per mole for 30 minutes at 65C, but the speed gain was
only 0.35 log E.
Sodium sulfide sensitizations were done by the method described
previously for the SR emulsion with the level of sensitizer
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varied from 5 mgs/mole to 150 mgs/mole. The finishing temper
ature was maintained at 65C. The speeds, relative to the
unsensitized control, and the fogs are listed in Table 4. The
75 mgs Na2S*9H20/mole sensitization was repeated since the
first set of finishes were coated at a higher silver coverage.
The exposure was also increased to one second to position the
D-log E curve.
The optimum level would appear to be w^.th 25 mgs Na2S*9H20/
mole (1.04 x 10~4 moles/mole silver), but the speed increase was
only 0.13 log E. There was not much sensitization below this
level and above this level desensitization was becoming obvious,
especially at the 150 mgs Na2S*9H20/mole level (6.25 x
10"4
moles/mole silver) .
To determine if the lack of speed was due to reciprocity
effects, the coatings with 75, 50 and 25 mgs of Na2S9H20 were
exposed for 100 seconds, with a 2.0 neutral density included
to assure that the coatings would not be overexposed. The
results are listed in the bottom of Table 4. With this
exposure, the unsensitized control lost 0.30 log E in speed
compared to the 1 second exposure, but the coatings with sodium
sulfide showed slight desensitization compared to the slower
control. (The 0.22 log E increase with 75 mgs for 60 minutes
was considered spurious data.)
In general, this emulsion did not sensitize well with
either sodium thiosulfate or sodium sulfide, although sodium
sulfide gave a weaker sensitization. Assessing the small speed
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changes was also difficult due to the high contrast from the
monodispersed emulsion used in the coatings. This inherent
error would have made the assessment of TAI effects nearly
impossible.
III. Sensitization of Octahedral Emulsion
The octahedral emulsion used was described in the experi
mental section. It was a silver bromide monodisperse emulsion
with a mean grain size of 0.55 |im. Sodium, thiosulfate sensi
tization was tried at 5 and 10 mgs of thiosulfate per silver
mole at 55C and the results are plotted in Figure 14. Desensi
tization occurred with 10 mgs Na2S2035H20/mole, but with 5 mgs
(2.17 x 10"5 moles Na2S2035H20/mole) an optimum was reached
after 30 minutes at 55C. The speed increase at optimization
relative to the unfinished emulsion was 0.57 log E.
The sodium sulfide sensitizations were done with 10, 25
and 50 mgs of Na2S9H20 per silver mole under the conditions
described previously for the single run emulsion. The results
are shown in Figure 15. The optimum sensitization appeared to
be with 25 mgs sodium sulfide per mole (1.04 x 10~4 moles/
mole) after 100 minutes at 65. The speed obtained at this
optimum was 0.60 log E relative to the unfinished emulsion.
At 50 mgs/mole, the speed of 0.60 log E remained somewhat in
variant over the time range with only slight desensitization,
but the fog was higher than with 25 mgs per mole.
Moisar, in his investigation of sulfur sensitization of
an octahedral and a cubic AgBr emulsion, stated that the sensi
tization of an octahedral emulsion lead to the formation of
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disperse specks which caused competition for electrons and
thus, the sensitivity decreased when compared with the cubic
emulsion.23
This statement appeared to be valid only for
high levels of sensitizers as the results in our study indi
cated that the octahedral emulsion sensitized better than the
cubic emulsion if the level of sensitizer was decreased along
with a temperature decrease. For example, the octahedral was
optimally sensitized with 5 mgs/mole of sodium thiosulfate for
30'
at 55, while the cubic emulsion required 20 mgs/mole for
30'
at 65C. It should be noted that the cubic emulsion con
tained 2.5% I, while the octahedral emulsion was pure silver
bromide.
IV. Reaction of Na2S with SR Emulsion
The reaction of the sodium sulfide and the stabilizers
was monitored by following the change in pAg as a function of
time on a Honeywell recorder. The output is shown as Figure 16.
In Part 1, the sodium thiosulfate was added to GM166 at a
level of 20 mgs/mole. This caused a pAg increase of 0.06
units. The addition of sodium sulfide at 75 mgs/mole caused
a change in pAg of 0.26 in Part 2. The addition of TAI in
creased the pAg by 0.34 units. The results in Part 3 showed an
increase of 0.37 units with the Na2S*9H20 addition and a further
increase of 0.08 units with the PMT addition. The slow rate of
reaction with sodium sulfide in Part 3 was probably due to in
efficient stirring during the experiment.
The experiment was repeated on GM193 with five separate
31
parts as follows:
Part 1: The emulsion was melted at 40C and then one gram
of TAI per silver mole was added. After approximately
two minutes, 75 mgs of sodium sulfide were added.
Part 2: As in Part 1, except that 25 mgs of PMT were added
in place of the TAI.
Part 3: As in Part 1, except that the order of addition was
reversed.
Part 4: As in Part 2, except that the order of addition was
reversed.
Part 5: KBr was added to the emulsion so that the pAg was
equivalent to that for the sodium sulfide addition,
then TAI was added at one gram per silver mole.
Analysis of the strip (Figure 17) revealed that all the
compounds were adsorbed well within fifteen seconds. This
is based on the observation that the pAg remained constant
and showed no further increase after a few seconds.
The sodium sulfide addition gave a rapid increase of
0.4 pAg units, which made the final pAg of the sodium sulfide
sensitized emulsion 8.50. Assuming complete reaction of the
sodium sulfide, i.e., release of 6.25 x
10"4
moles bromide,
the pAg should be 8.58.
Addition of 25 mgs of PMT per silver mole caused an in
crease in the pAg of approximately 0.2 pAg units, independent
of when it was added in relation to the sodium sulfide addi
tion. The final pAg of the emulsion sensitized with sodium
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sulfide in the presence of PMT was 8.7. In both the initial
test (Part 3) and the repeat test (Part 4), a spike in pAg
was seen when PMT was added after the sodium sulfide.
When TAI was added to the emulsion, the pAg jumped by
0.56 pAg units; addition of Na2S*9H20 caused a further increase
of 0.13 pAg units which resulted in a final pAg of 8.80. When
TAI was added after the sodium sulfide (which gave an increase
of 0.39 pAg units), the pAg increase was only 0.37 units. The
final emulsion pAg was recorded as 8.86. The same magnitude of
change (final pAg 8.87) was recorded when the pAg was changed
with potassium bromide rather than with sodium sulfide and then
adding TAI. This implies that sodium sulfide did not affect
the adsorption of TAI as the final pAg was the same whether
sodium sulfide or potassium bromide was used to increase the
pAg prior to TAI addition.
Sodium thiosulfate forms silver sulfide in the following
scheme :










The formation of the complex would release one mole of bromide





were released with the addition of
8.69 x
10~5
moles Na2S203 (pAg changed from 8.37 to 8.43).
This adsorption occurred within 6 seconds and the numbers
indicate 96% adsorption. Continuation of the reaction to form
Ag2S should increase the pAg to 8.48 assuming complete
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conversion to Ag2S. The above calculation was based on
KSpAgBr - 2.44 x 10"12.
Sodium sulfide reacts with silver halide to form two
moles of bromide ion for every mole of sodium sulfide.
Na2S + 2AgBr >Ag2S + 2Na+
In the reaction experiments, the following amounts of bromide
ion were released:
First experiment, part 2: 6.5 x 10 mole
First experiment, part 3: 5.0 x
10"4
moles
Second experiment, part 1: 4.5 x
10~4 moles
Second experiment, part 2: 4.5 x
10"4
moles
Second experiment, part 3: 4.0 x
10"4
moles (after TAI addition)
Second experiment, part 4: 5.9 x
10~4
moles (after PMT addition)
The theoretical amount of
Br"
released assuming 100%
reaction should be 6.26 x
10"4
moles. The mean value of the




and the standard devi
ation was 0.95 x
10"4
moles. Statistically, the error in
volved in determining whether or not TAI and PMT affect the
adsorption of sodium sulfide could not be determined because
of uncertainty due to the standard deviation.
A 1 mg/cc boiled distilled water solution of sodium sulfide
was titrated with AgN03 by measuring the mv potential of the
solution. The titration curves for this and a replication are
shown in Figure 18. Two inflection points are seen and the
final point formed the insoluble Ag2S compound. Using the
amount of AgN03 to cause the final reflection point indicated
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reaction percents of 85.3 and 85.6%. Therefore, even though
the reaction of Na2S with the emulsion appeared to yield around
80% reaction, the addition of the 1 mg/cc solution was actually
only 85% sulfide, and hence, the sulfide reaction with the
emulsion was closer to 95%. This points out the fact that
despite the use of a fresh solution of sodium sulfide carefully
prepared, there was no assurance that the weighed amount and
dilution would yield the calculated sodium. sulfide amount, al
though the preparation appeared to be reproducible.
Sulfide was the ingredient titrated, not thiosulfate, as
a titration of sodium thiosulfate resulted in a slower rate of
change for AgN03 addition than with sodium sulfide. The other
inflection point occurred when 1.5 moles of AgN03 was added
per mole of sodium sulfide. Assuming that 1 mole of sulfide
was present, this would correspond to a
Ag3S2~
complex. This
complex was soluble in solution as a precipitate did not start
to form until the second inflection point was reached.
TAI released the following amounts of Br":


























TAI was added at a level of 6.66 x
10"3
moles/silver
mole and the average amount of
Br"
released was 9.8 x
10~4
moles, which indicated around 15% of the TAI had complexed
with the silver. It has been postulated that tetraazaindenes
with a hydroxy group in the 4-position can complex with silver
ions by formation of a resonance stabilized silver salt. 33
PMT reacts with the AgBr to form the silver mercaptide.
The following amounts of
Br"
were released
.by adding 1.36 x
10~4
mole PMT/mole Ag:
First experiment, part 3: 2.31 x
10-4 moles
Second experiment, part 2: 1.70 x 10 moles (before Na2S
addition)
Second experiment, part 4: 2.2 x
10"4
moles
Two observations are puzzling with the PMT addenda. First, the
amount of bromide released was greater than would be expected
from a theoretical one mole to one mole reaction. Second,
whenever PMT was added after the sodium sulfide, a spike was
noted in which the pAg jumped to a high value, and then, after
15 seconds, leveled off to a value which was 1.65 greater than
the theoretical amount.
The pH of the emulsion was recorded as 6.0, but when TAI
(sodium salt) was added, the pH increased to 6.55. The pH of
the TAI solution at a concentration of 5 grams per 100 cc of
distilled water was 9.57. The PMT did not affect the pH.
Although pH changes the rate of reaction of thiosulfate, it
was assumed that the effect on rearrangement was negligible.
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V. Effect of pAg
The effects of pAg on the sodium sulfide sensitization
were determined by changing the pAg of the emulsion after the
sodium sulfide addition, but prior to the heat rise. The pAg
of the melts were not adjusted for coating. The speed/fog
plot of the finishes on GM166 emulsion is shown in Figure 19.
As the pAg increased, the rate of finish slowed down, but the
effect from pAg 8.13 to 8.55 was small compared to the effect
from pAg 8.55 to 8.88. The higher pAg created both an
anti-
fogging effect and a decrease in the rate of sensitization.
The addition of TAI or PMT, assuming no other effect than a
pAg change, would show a decrease in the rate of finish.
The same trends were seen with increased development time,
i.e., the higher pAg caused a slower rate of finish (Figure 20)
However, the change in speed with increased development time
was not the same for each condition. If the difference in
speed between the 4-minute development time and the 8-minute
development time were averaged for all 6 data points within 1
pAg condition, the average speed gain at pAg 8.13 was 0.14
log E; at pAg 8.55, 0.14 log E; and at pAg 8.88, 0.19 log E.
The coatings with the increased bromide level also gave slight
developer inhibition.
Another sensitization was run to determine if an optimum
could be obtained at high pAg when the finishing time was
increased. The emulsion used in this experiment was GM193.
The results of the sensitization are shown in Figure 21. The
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control sensitization at 80 minutes had a speed of 1.35 log E
and a fog of 0.38. When the pAg was increased to 9.5, an
optimum speed of 1.35 log E and a fog of 0.14 was reached
after 120 minutes. Increasing the time beyond 120 minutes
resulted in increased fog and decreased speeds. It can be
stated that an optimum could be reached with bromide ion as
a stabilizer, if the finish time was increased.
VI. Effect of TAI
The first experiments with TAI involved determining the
effect of TAI on sulfur sensitization when TAI was added prior
to the heat rise. At 40C, TAI was added to the emulsion at a
level of one gram per silver mole and was in the emulsion for
five minutes before the sodium sulfide was added; conversely,
the sodium sulfide was held for five minutes before the TAI
was added. The control without TAI which was included in the
experiment gave the expected speed gain which indicated that
the sulfide solution, emulsion and temperature were sufficient
to give sulfur sensitization. The Dmin and Dmax values for
the
1/100"
exposure through a 0 - 6 density step tablet are
shown in Table 5. TAI, if added before or after the sodium
sulfide, prior to the temperature increase, stopped the photo
graphic activity of this emulsion. This confirmed Harvey's
observation that stabilizer destroyed the photographic activity,
although he claimed that silver sulfide formation was still
occurring.
The experiments in which TAI was added during the finish
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are discussed below. In each case, the sodium sulfide was
added when the emulsion was at 40C and then aliquots of
emulsion were split off. The controlled heat rise was applied
up to the finishing temperature. When TAI was to be added to
the finish, the TAI was added to all the aliquots remaining
in that particular finish series. For example, when TAI was
added at 79 minutes, the TAI was added to the 80 minute, 100
minute and 120 minute samples.
TAI was added at 39 minutes, 79 minutes and 119 minutes
into three finishes. The speed/fog plot for the TAI additions
are shown in Figure 22. When TAI was added during the finish,
no further speed increase beyond that of the addition point
was seen. This was illustrated effectively by the addition at
39 minutes into the finish. The additions at 79 minutes and
119 minutes were not as illustrative since the emulsion had
already reached optimum sensitivity. It is not understood why
the control sensitization and the sensitization when TAI was
added at 119 minutes did not track more closely.
The experiment was repeated except that the TAI was added
at 19 minutes into the finish and at 50 minutes into the finish,
The results for the TAI addition at these times are shown in
Figure 23. Again, TAI stopped the speed increase. Also,
slight desensitization occurred during the remainder of the
finish after the TAI had been added.
To determine if the slight desensitization was due to
developer inhibition, the development time was doubled to
39
8 minutes. The coatings were also retested at both 4 and 8
minute development times. The speed and fog values for all
testing plus averages were listed in Table 6. Averaging was
done for the ease of data handling; significant differences
between tests will be discussed later. Plotting the average
speed values versus finish time for both development condi
tions resulted in Figure 24. The speed of the TAI-containing
coatings did not reach that of the control
.coating
which had
been developed for 4 minutes. This implies that TAI has
prevented rearrangement (prevented formation of photographically
active species) and not inhibited development. The slight
desensitization was still present after the increased develop
ment time.
The slight desensitization during the remainder of the
finish in the presence of TAI was not affected by changes in
exposure. A sensitization on GM193 emulsion with 75 mgs of
sodium sulfide per silver mole and TAI added at 19 minutes
gave a speed loss of 0.18 log E from the 20 minute sample to
the 120 minute sample. This exposure was for 1/100". Changing
the exposure to
1"
gave a speed loss of 0.16 log E over the
same time frame. The implication in this experiment was that
TAI did not affect the dispersity of the active Ag2S specks.
There were two observations which were made from the data
in Table 5. First, the average speed gain after increasing
the development time was greater for the series in which TAI
had been added at 19 minutes than for the control or the series
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in which TAI had been added at 50 minutes. The control and
the 50 minute TAI series showed the same speed gain (approxi
mately 0.1 log E) on increased development, while the 19
minute TAI series showed a 0.20 log E gain. Second, the
re-
tests also showed the effect of room temperature keeping on
these films. The emulsion without TAI gained a significant
amount of speed (0.20 log E) over a 45 day keeping if the
emulsion was underfinished (Row 1, Table 5X. But at the
optimum finish conditions, there was virtually no change in
the speed after keeping (Row 4, Table 5). When the TAI was
present in the coatings, the speed increase was not present,
even if the emulsion was underfinished (see Rows 7 and 8,
Table 5) . This can be construed as further evidence for TAI
preventing rearrangement to form photographically active species
upon storage of the chemically sensitized emulsion. This was
assuming that the process of chemical sensitization and the
change on storage of the film are due to the same mechanism.
To be certain that TAI does not affect development of an
optimally finished emulsion, a series of coatings were made
in which different amounts of TAI (250 mgs, 500 mgs, 1 gm and
2 gm per mole) were added to GM193 emulsion after treatment
with sodium sulfide. The speeds and fogs after development in
D19 are listed in Table 7 and it is obvious that TAI does not
inhibit development when used at a level up to 2 grams/mole.
TAI, at 1 gram per silver mole, was also added to the
octahedral emulsion, using the same technique as discussed for
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the single run emulsion. TAI was added at 1 minute and 19
minutes into a finish with 25 mgs of Na2S-9H20 per Ag mole.
The results are similar to those seen for the single run
emulsion. Figure 25 shows that TAI stopped the increase in
photographic activity which would be obtained without TAI.
The amount of speed was dependent on the time of TAI addition.
Slight desensitization was present and was not eliminated when
the development time was doubled (Figure 26,) .
VII. Effect of PMT
In contrast to TAI, PMT did not completely inhibit the
photographic sensitization of the emulsion when added prior to
the heat rise. Figure 27 shows the effect of adding two levels
of PMT (6.76 and 25 mgs per silver mole) prior to the heat rise.
These values represented the average values for
4'
D19 develop
ment as shown in Table 8. As with TAI, the PMT was held for
5'
before the sodium sulfide addition and the sodium sulfide was
held
5'
before the PMT addition. The rate of finish appeared
to slow down and the speed loss was somewhat proportional to
the amount of PMT added to the emulsion.
As shown in Table 8, the results with 6.76 mgs PMT/silver
mole were independent of the order of addition, although the
fog was slightly lower when the PMT was added before the sodium
sulfide sensitizer. With 25 mgs of PMT per silver mole, the
fogs and speeds were lower than with the lower level of PMT.
PMT at 25 mgs/mole added after the sodium sulfide resulted in
much lower Dmin's than when the PMT was added before the sodium
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sulfide. There was a difference in speed between the two
methods, but only for the 20 minute hold time. This speed
difference was maintained when the processing time was
doubled.
Assuming that the 20 minute point with 25 mgs of PMT
added after the sodium sulfide (which represents one of three
data points) was an incorrect data point, 25 mgs of PMT have
approximately 0.20 log E less speed than 6.76 mgs PMT/silver
mole. The order of addition did have an effect on the fogs
obtained, but at the lower level of PMT, the fog was higher
when the PMT was added after the sodium sulfide, while with
the higher level of PMT, the fog was higher when the PMT was
added before the sodium sulfide.
When PMT was added during the finish, it was at a level
of 25 mgs per silver mole. Adding the PMT at 19 minutes, 39
minutes and 50 minutes into the finish slowed the rate of
sensitization and showed equivalent final speeds, independent
of the time of addition. This final speed was around 0.35
log E slower than the control. The average speeds and fogs
for this observation at
4'
D19 development are listed in
Table 9 and plotted in Figure 28. It is interesting to note
that the addition of PMT after 50 minutes into the finish
resulted in a decrease in speed so that the final speed corres
ponded to those speeds obtained when PMT was added earlier in
the finish. This could be explained by developer inhibition.
Developer inhibition was the major effect when adding PMT
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during the finish. Increasing the development time to 8
minutes (Table 9) showed that the PMT containing coatings
still gave less speed and fog than the control which had been
developed for 4 minutes, but at a 12 minute development time,
the PMT coatings gave speeds and fogs similar to the control
coating developed for 4 minutes. The data for the 12 minute
development time are listed in Table 9 and graphically illus
trated in Figure 29. The coatings containing PMT gave an
average speed increase of around 0.35 log E when the develop
ment time was tripled, while the control gained around 0.23
log E. Again, as with TAI, PMT prevented the large increase
in speed with room temperature keeping of the single jet emul
sion when it was underfinished. Since the optimum finish
without PMT appeared stable, the stability due to the addition
of PMT at the optimum finish could not be determined.
Another experiment was run to determine the extent of
developer inhibition by adding 6.76 mgs, 25 mgs and 50 mgs
PMT to both a fully sensitized emulsion (75 mgs Na2S9H20/80
min/65C) and the unsensitized emulsion. The exposure for the
unsensitized emulsion was increased to 1 second to compensate
for the slower speed without chemical sensitization. Also,
the experiment with the unsensitized emulsion was replicated
because, during the first trial, a coating error gave higher
silver coverage (17.43 mgs Ag/dm2) than for the previous
coatings (13.45 mgs Ag/dm2). The speeds and fogs, along with
the change in speed due to PMT, are listed in Table 10. With
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the fully finished emulsion, the speed loss increased with
increasing levels of PMT, and this loss was lessened with
increased development time thus showing development inhibition.
The speed gain on increased development increased with in
creasing PMT concentration. It was significant that 25 mgs
PMT gave 0.26 log E more speed loss than 6.76 mgs PMT/mole
after
4'
D19 development. Also, 25 mgs PMT/mole gave 0.38
log E speed loss versus the control without. PMT. These values
were similar to those mentioned previously (0.35 log E speed
loss for PMT during the finish) which was further evidence for
the major effect being developer inhibition by the PMT.
PMT was also added to the unsensitized emulsion and the
results were different from those with the finished emulsion
as the greatest speed loss was with 25 mgs PMT/mole. Although
the relative speeds for the D19 processes were not repeated due
to the different coverages, the magnitude of speed loss was




D19, showed that the greatest speed loss occurred at the 25
mgs PMT per mole level. Also, with the fully finished emulsion,
the contrasts remained the same, independent of PMT level, but,
with the unfinished emulsion, the contrasts were lower when
25 mgs and 50 mgs of PMT per mole were added.
DISCUSSION
It is generally accepted that the amount of silver sulfide
formed on the grain is not directly related to the photographic
response. Silver sulfide on the grain is necessary, but not
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sufficient, as additional heating is required for optimum
sensitivity. The observations are explained by the general
mechanism of rearrangement, where the inactive form of silver
sulfide changes to a photographically active form.
The chemical reaction to form silver sulfide on the grain
is not the factor totally responsible for photographic activity
as sensitization was achieved by using colloidal silver sulfide
as the sensitizer. In this case, adsorption of silver sulfide
occurred after the formation.
In these experiments, it was shown that the photographic
activity was not due to the effect of heat on the primitive
emulsion, nor was it due to sensitization by the gel. This did
not eliminate the possibility of a synergistic reaction with
sodium sulfide to form both silver and silver sulfide during
the heating cycle.
As discussed in the results, it was necessary to add the
sodium sulfide solution slowly to the emulsion. Rapid addition
resulted in higher fog and less speed, which may have been due
to localized concentration effects. Dilution of the sodium
sulfide solution, even with slow addition, resulted in high fog.
Sodium sulfide sensitization of the single run emulsion
gave speeds equivalent to those with sodium thiosulfate al
though the sodium sulfide did not have to undergo a silver com-
plexation before silver sulfide was formed on the grain.
Although the speeds were similar with both sensitizers, the fog
was higher with the sodium sulfide sensitizer. The sodium
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sulfide sensitization was reproducible as replication of the
standard finish 12 different times resulted in a speed of
2.00 + 0.06 relative log E with a fog of 0.20 + 0.04.
Photographic activity, or rearrangement, was independent
of the sensitizer used, but conditions (concentration, time
and temperature) had to be modified depending on the sensitizer.
The optimum with thiosulfate as the sensitizer occurred with
8.69 x 10"5 moles/mole silver for 10 minutes at 55C, while
sodium sulfide required 3.3 x
10"4
moles/mole silver for 80
minutes at 65C.
The difference in requirements for sensitization may be
explained by the immediate reaction and hence greater dispersity
of silver sulfide specks formed by the addition of sodium sul
fide versus thiosulfate. It was noted during the titration
experiments that the rate of reaction of thiosulfate with
silver was slower than with sodium sulfide. Increased dispersity
of the silver sulfide specks means that some of the specks may
be formed at inactive crystal locations as proposed by Balls
and Harvey.
3
Therefore, it would be necessary to have a higher
concentration of sodium sulfide than sodium thiosulfate. The
difference in time and temperature between the two sensitizers
can be related to
Stevens'
mechanism, whereby the highly dis
persed silver sulfide redistributes into active centers.24 The
time and temperature required to redistribute the silver sulfide
would be dependent on the dispersity.
Speculation on the differences between sodium sulfide and
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sodium thiosulfate leads to the observation that, after all
the studies that have been done, the actual mechanism of
rearrangement (increase in photographic activity) is still
speculative.
The cubic emulsion did not sensitize as well as the
octahedral emulsion although Moisar has stated that the sensi
tization of an octahedral emulsion caused disperse silver
sulfide specks due to the rapid rate of formation on a (111)
face. His study was performed with the same amount of thio
sulfate on both the cubic and octahedral emulsions (3.22 x
10"4
moles/mole Ag) . This level was around ten times higher
than used in the present study. The cubic emulsion, which did
5
contain iodide, sensitized with 4.35 x 10 moles thiosulfate/
mole Ag; the octahedral emulsion required 2.17 x
10"5
moles
thiosulfate/mole Ag with a 10C decrease in temperature. A
higher level of thiosulfate on the octahedral emulsion caused
desensitization; this could be a factor in the degree of dis
persity obtained with Moisar 's sensitization of an octahedral
emulsion.
Since cubic emulsion did not sensitize as well as the
octahedral emulsion, the effect of TAI during the finish was
assessed only on the octahedral emulsion.
A change in pAg with the addition of bromide caused the
rate to slow down, but an optimum could eventually be reached.
The increase in bromide ion had a three-fold effect antifogging
action, rate reduction and very
slight developer inhibition.
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These effects would be seen if TAI had no effect except the
increase in pAg. But, TAI, added during the finish, stopped
the speed increase which would be obtained without the TAI.
Hence, TAI has stopped the formation of the photographically
active species or, in other words, has prevented further rear
rangement on the single run emulsion. TAI also prevented
rearrangement on the octahedral emulsion.
Extended development for TAI coatings did not produce
speeds equivalent to the control sodium sulfide sensitization
without TAI. Therefore, TAI has prevented rearrangement and
not inhibited development.
Another observation which implied that TAI prevented re
arrangement was with the coatings which had been kept at room
temperature. The control coatings without TAI which were
underfinished showed more speed gain on holding than under-
finished coatings which contained TAI. If the speed gain was
due to further rearrangement, then TAI was preventing this
rearrangement. This observation could also imply that TAI was
preventing R-typing during holding, which, in turn, would
redefine rearrangement as production of silver atoms in con
junction with silver sulfide atoms.
A slight desensitization was seen when TAI was present
during the finish. This occurred with both the single jet
emulsion and the octahedral emulsion. This desensitization
should not be due to developer inhibition as TAI should be
easily displaced in KODAK
developer D19. Also, the
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desensitization was still obvious after the development time was
doubled. It is also possible that the slight desensitization
was due to removal of Ag2S specks, but was not considered likely
since TAI is weakly adsorbed. An explanation could be that TAI
present during the finish caused the Ag2S specks to become more
disperse which, because of electron competition, would impart
less sensitivity, but under the experimental conditions, no
reciprocity differences were observed between coatings with and
without TAI.
PMT, on the other hand, did not stop the creation of photo
graphically active species, but appeared to slow down the rate
of this rearrangement. This rate reduction could be due to
developer inhibition by the PMT as the speed and fog of the con
trol was achieved by developing the PMT coating for a longer time,
Although it appeared as if developer inhibition was the major
cause, two other factors could not be neglected. One was the
increase in pAg with the addition of PMT which could lead to a
rate reduction. The final pAg with PMT was recorded at 8.6,
which was close to the sodium sulfide sensitization in which the
pAg was adjusted to 8.55 with KBr. The rate reduction between
8.55 and 8.88 was much larger than the rate reduction between
8.13 and 8.55 and because the change in rate was not linear
with pAg, it was difficult to
extrapolate the amount of rate
reduction which would be expected by the change in pAg due to
the PMT. Another factor which may be present was that a PMT
containing coating of an
underfinished emulsion showed less
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speed gain on holding than the control coating of the
under-
finished emulsion without PMT. This implies prevention of
rearrangement as described with TAI.
Therefore, PMT may have three effects developer inhibi
tion, rate reduction due to pAg change, and inhibition of
rearrangement. Developer inhibition was the strongest effect
and eliminated any possibility of establishing the extent of
the remaining effects, which are believed tp be small.
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CONCLUSIONS
1. The reaction of sodium sulfide with the emulsion is
rapid and, in agreement with the literature, produces
very little change in sensitivity. Heating the emulsion
after Ag2S formation produces sensitization similar to
a conventional sodium thiosulfate sensitization, although
higher temperatures and longer times were necessary. The
sodium sulfide sensitization was reproducible. Similar
heating of the emulsion without sensitizer caused negli
gible changes in sensitivity.
2. The addition of TAI after formation of Ag2S stops the
sensitization, whether added before the heating or during
the heating after partial sensitization had occurred.
This was observed on a single run polydisperse emulsion
and a monodisperse octahedral emulsion. Since no further
formation of sulfide could occur during the heating, the
sensitization can be explained only by rearrangement, and
this rearrangement was stopped by the TAI. This is in
agreement with the literature which shows (a) that the
chemical reaction to form silver sulfide is not stopped by
TAI and (b) suggests that rearrangement of silver sulfide
is part of the sensitizing process with all sensitizers.
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3. PMT and high pAg retarded, but did not stop,
sensitization
by heating after silver sulfide formation. PMT appeared
to act mainly as a development inhibitor. This emphasizes
the unique property of TAI, for which there is still no
explanation.
4. Undersensitized emulsion with sodium sulfide gained speed
on storage. This was stopped by TAI and retarded by PMT,
demonstrating similarity of changes on .heating and keeping.
5. Heating an emulsion with colloidal silver sulfide caused
increased sensitization.
6. Extended heating after TAI addition showed slight desensi
tization in both emulsions.
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